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Wave propagation in nonuniform FBGs with Kerr nonlinearity is described by nonlinear coupled mode equations:
where u ± are the slowly varying amplitudes of the forward (ϩ) and the backward (Ϫ) propagating waves, ⌫ is the nonlinear coefficient, V g = c / n eff is the group velocity in the absence of the grating, n eff is the effective refractive index, L ͑z͒ is the grating strength, and L ͑z͒ is the chirp parameter [8] .
We demonstrate the soliton interaction in the vicinity of a defect by using a grating with the chirp function shown in Fig. 1 . The defect used in this work is obtained by adding a local perturbation to the chirp parameter in the center of region II of the grating, at z = 0. The defect is given by def ͑z͒ = 5.75͓cos͑2z / ⌬z͒ +1͔ m −1 with ⌬z = 0.8 mm. The defect length is significantly smaller than the spatial width of the solitons propagating in the grating. The defect length is, however, 3 orders of magnitude larger than the grating period, and hence the field's propagation around the defect can be accurately analyzed by using Eq. (1). Besides adding the defect, the grating is similar to that used for obtaining an AND gate [9] . Region II of the grating is used to trap the soliton, while regions I and III are used to accelerate the soliton after its release.
The lengths of the three grating regions are L 1 = L 3 = 5.14 cm and L 2 = 0.78 cm, and hence the total grating length is 11.06 cm. The grating parameters are = 9000 m −1 , n eff = 1.45, and L ͑z͒, with L ͑z͒ − def ͑z͒ being a piecewise linear function of z with a slope of 888.6 m −2 in regions I, −888.6 m −2 in region III, and zero in region II. The nonlinear coefficient is equal to ⌫ =5 km −1 W −1 . The input solitons have a spatial full width at half-maximum (FWHM) of 0.39 cm, an energy of 64.014 nJ, and a frequency offset of 297.478 GHz with respect to the local Bragg frequency at the beginning of region I.
We have simulated the wave propagation in the grating by using the split-step method [10] . The results of the simulation are shown in Fig. 2 . At t =0 a soliton with initial phase = 5.9 rad was launched at z = −6.7 cm. The soliton was trapped inside region II, and it oscillated around the defect with a spatial amplitude that decayed over time, as is shown in Fig.  2 (a). At t = 20 ns the spatial amplitude of the oscillation was about 0.5 mm, and the soliton lost about 10% of its initial energy. At t = 15.9 ns a control soli- Fig. 2(c) ]. In both cases, the interaction between the two solitons caused the release of the trapped soliton. In the case shown in Fig. 2(b) , the trapped soliton moved toward the +z direction and the control soliton was backreflected. In the case shown in Fig. 2(c) , the two solitons spatially overlapped. Our physical interpretation given below indicates that in this case the trapped soliton was released and propagated toward the −z direction while the control soliton was transmitted.
We have simulated the release of the trapped soliton for 20 different initial phases of the control soliton. For all the initial phases that were checked, the trapped soliton was released, and after the interaction ended two counterpropagating pulses exited the grating. The energies of the backward and the forward propagating pulses after the interaction are shown in Fig. 3 . Although the energies of the two counterpropagating pulses change as a function of the initial phase of the control soliton, the trapped pulse was released for all the initial phases that were checked. Since the trapped soliton oscillates around the defect with a periodicity of about 6.4 ns, we have also verified that the trapped soliton was released at nine different launching times of the control soliton, equally distributed between t = 16 ns and t = 23 ns.
For each launching time, ten different phases of the control soliton were simulated.
We note that in a practical grating the lifetime of the trapped soliton is limited owing to grating loss [11] . However, the loss in FBGs can be reduced by using deuterium-loaded fibers, by optimizing the writing procedure, and by adding a small gain that compensates for the loss. Assuming a loss of 0.1 dB/ m, the energy of the input wave decays to 50% of its initial value after about 0.15 s. This time duration is about ten times longer than the time needed to release the trapped soliton. Therefore, we have neglected the absorbtion effect in our simulations. The loss can be also overcome by utilizing a refresh procedure as used in electronic devices.
To obtain a physical insight into the soliton interaction, we have studied the local, time-varying changes in the grating structure caused by the Kerr effect. We rewrite Eq. (1):
±i‫ץ‬ z u ± + iV g −1 ‫ץ‬ t u ± + q ± ͑z;t͒u ϯ + ͑z;t͒u ± = 0, ͑2͒ where ͑z ; t͒ = L ͑z͒ + NL ͑z ; t͒, NL ͑z ; t͒ = ⌫͉͑u + ͉ 2 + ͉u − ͉ 2 ͒ and q ± ͑z ; t͒ = L ͑z͒ + q NL± ͑z ; t͒, q NL± ͑z ; t͒ = ⌫u ϯ * u ± . Equation (2) describes wave propagation in a linear nonuniform grating that varies in time, with parameters ͑z ; t͒ and q ± ͑z ; t͒. We define q ͑z ; t͒ and ͑z ; t͒ as the amplitude and the phase of q ± ͑z ; t͒: q ± ͑z ; t͒ = q ͑z ; t͒exp͑±j͑z ; t͒͒. The local Bragg frequency shift with respect to the local Bragg frequency at the beginning of region I is given by ⌬⍀ B ͑z ; t͒ = ⌬⍀ L ͑z͒ + ⌬⍀ NL ͑z ; t͒, where ⌬⍀ L ͑z͒ =−V g L ͑z͒ is the frequency shift caused by the chirp of the grating and the defect and ⌬⍀ NL ͑z ; t͒
‫ץ‬ z ͑z ; t͒ − NL ͑z ; t͒͒ is the frequency shift caused by nonlinearity. The local grating strength is given by ͑z ; t͒ = L ͑z͒ + ⌬ NL ͑z ; t͒, where ⌬ NL ͑z ; t͒ = q ͑z ; t͒ − L ͑z͒ is the change in the local grating strength caused by nonlinearity. Figure 4 shows the change in the local Bragg frequency of the grating, ⌬⍀ NL , for two different initial phases of the control soliton as used in Figs and in the case when the control soliton is not launched. The interaction between the solitons causes a change in the grating parameters. Since the spatial FWHM of the soliton is about 35 L −1 , and since a uniform grating section with a length of 3 L −1 reflects about 99% of the power of an incident wave located inside the bandgap of this section, there is a physical meaning in referring to changes in the local bandgap in the grating regions where the soliton power is low and the waves are backreflected. At a given time, the local reflectivity, i.e., the reflectivity from a short section of the time-varying grating, decreases as the nonlinear Bragg frequency shift ⌬⍀ NL decreases and as the nonlinear grating strength ⌬ NL decreases, since the central soliton frequency is located around the upper frequency edge of the grating bandgap [1] . In the case shown in Fig. 2 , the soliton velocity in the interaction region is very small, and hence ͉u + ͑z ; t͉͒ Ӎ͉u − ͑z ; t͉͒. Therefore, ⌬ NL ͑z ; t͒ Ӎ 0.5⌬⍀ NL ͑z ; t͒, and both ⌬ NL and ⌬⍀ NL have a similar effect on the local grating reflectivity.
The interaction between the solitons causes a spatial asymmetry in the grating parameters with respect to the center of the trapped soliton. The asymmetry was maintained during all of the beginning of the interaction as indicated by Fig. 4 . In the case =12 / 10, the interaction increases the local reflectivity in the region where the left tail of the trapped soliton is located because of destructive interference between the two soliton fields in that region. Therefore, the soliton is pushed toward the +z direction, whereas the control soliton is pushed toward the −z direction. Owing to the grating chirp in region III, the soliton accelerates and is released toward the +z direction. In the case =2 / 10 the interference in the left tail region of the trapped soliton is constructive. As a result, the local reflectivity in that region is decreased, the trapped soliton is pushed toward the −z direction, and the control soliton is pushed toward the +z direction. Similar asymmetries in the grating profile with respect to the trapped soliton center were observed for all the different phases that were used to calculate Fig. 3 . We note that at a certain time and for a specific phase of the control soliton, the interference does not cause an asymmetry in the grating parameters. However, because of the relative movement of the two solitons, this condition is not maintained, and an asymmetry in the grating profile is eventually obtained. Hence, the trapped soliton can be released regardless of the initial phase of the control soliton.
In conclusion, we have demonstrated an optical memory based on an all-optical trapping and releasing of an optical soliton, using a novel soliton interaction in the vicinity of a defect inside a fiber Bragg grating. The release of the trapped soliton did not depend on the phase and the delay of the control soliton, as was verified numerically for a large set of parameters. We have given a physical explanation of the results based on calculating the local change in the grating parameters due to nonlinear interaction. The nonlinear interaction causes an asymmetry in the grating parameters that is responsible for the release of the trapped soliton. This work was supported by the Israel Science Foundation (ISF) of the Israeli Academy of Sciences.
